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We present the first principles investigation of the electronic structure and physical properties
of doped lithium nitridometalates Li2(Li1−xMx)N (LiMN) with M = Cr, Mn, Fe, Co, and Ni.
The diverse properties include the equilibrium magnetic moments, magneto-crystalline anisotropy,
magneto-optical Kerr spectra and x-ray magnetic circular dichroism. We explain the huge magnetic
anisotropy in LiFeN by its unique electronic structure which ultimately leads to a series of unusual
physical properties. The most unique property is a complete suppression of relativistic effects
and freezing of orbital moments for in-plane orientation of the magnetization. This leads to a
huge spatial anisotropy of many magnetic properties including energy, Kerr and dichroism effects.
LiFeN is identified as an ultimate single-ion anisotropy system where a nearly insulating state can
be produced by a spin orbital coupling alone. A very non-trivial strongly fluctuating and sign
changing character of the magnetic anisotropy with electronic doping is predicted theoretically. A
very anisotropic and large Kerr effect due to the interband transitions between atomic like Fe 3d
bands is found for LiFeN. A very strong anisotropy of the X-ray magnetic circular dichroism for the
Fe K spectrum and a very weak one for the Fe L2,3 spectra in LiFeN is also predicted.

PACS numbers: 75.50.Cc, 71.20.Lp, 71.15.Rf

I. INTRODUCTION

Lithium nitride, Li3N, and ternary lithium nitridomet-
alates Li2(Li1−xMx)N (LiMN), where M is a transition
metal, have attracted considerable attention. They have
emerged as promising candidates for anode materials,1–3

electrolyte in Li-based batteries,4–6 and hydrogen stor-
age mediums.7–9 In particular, LiMN (M = Fe, Co) has
attracted much attention from battery engineers because
of its large reversible capacity with a function of lithium
source.10 Lithium nitride, Li3N, is the only known ther-
modynamically stable alkali metal nitride. Li3N forms
two groups of ternary nitride compounds, one with the
anti-fluorite structure and the other with the layered
hexagonal, α-Li3N, a structure with four ions per unit cell
at ambient conditions.11,12 Ternary lithium nitridomet-
alates phases with M = Cu, Ni, Co have already been
reported as early as 1949 by Sachsze and Juza.13 Re-
cently, the respective substitution phases with M = Mn
and Fe also were reported.14,15

The electronic band structure of Li3N and ternary
lithium nitridometalates Li2(Li1−xMx)N have been cal-
culated by several authors.16–25 The lattice dynamic
properties of Li3N have been investigated using inelas-
tic neutron scattering,26 infrared Raman spectroscopy,27

and ab initio calculations.22,23,28 The phonon dispersion
curves of Li3N have been studied by Kress26 and Zhao.29

The chemical and magnetic properties of the ni-
tridometalate substitution series LiMN (M = Mn, Fe,
Co, Ni, Cu) turned out to be very unusual.13,30 For the
Mn, Fe, Co, and Ni compounds the +1 oxidation state
of the 3d ion has been confirmed by x-ray absorption
spectroscopy.31 Schnelle et al.

32 investigated the elec-
tronic and magnetic properties of transition metal ni-

tridometalates LiMN (M = Co, Ni, and Cu). For the
Ni series, for which the highest transition metal content
could be achieved, the gradual insulator-metal transition
was observed at x ∼ 0.8 according to resistivity data.
The samples of the other two series could be prepared
with lower x and would show semiconducting behavior
only. The effective magnetic moment per Ni-atom was
found strongly exceed the spin-only value at low x. For
higher x the magnetic moment decreases linearly towards
zero.

Wu et al.
24,25 studied the electronic structure and va-

cancy formation of Li3N and LiMN (M= Co, Ni, Cu).
They found that transition metal substitution signifi-
cantly influence the electronic structures and the Li va-
cancy formation of Li3N. The calculations indicate that
transition metal substitution mainly takes place at Li(1)
sites, which agree well with the experimental observa-
tions. Co or Ni substitutions can reduce the energy band
gap and even change Li3N from a semiconductor to a
metallic-like conductor, which has the advantage of both
electronic and ionic conduction. Transition metal sub-
stitution reduces the thermodynamic stability of Li3N,
which might benefit the intercalation and deintercalation
of lithium during charge-discharge cycling in recharge-
able lithium batteries.

Klatyk et al.
19 have suggested that a rare interplay

of crystal-electric-field effects and spin-orbit (SO) cou-
pling causes a large orbital contribution to the magnetic
moment of Fe in LiFeN. Based on a strong increase of
the magnetization on cooling19 and on the Mössbauer
spectroscopy19,33 a ferromagnetic ordering with T ∼ 65
K was inferred for x=0.21, furthermore, huge hyperfine
fields were found. The orbital contribution to the mag-
netic moment of Fe as well as the large hyperfine fields
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were theoretically described within the framework of the
local spin density approximation (LSDA).19 Novák and
Wagner20 calculated the electronic structure of LiMN
(x=0.17 and x=0.5) using the supercell approach. They
found that the splitting of two very narrow Fe energy
bands at the Fermi level (EF ) due to SO coupling gave
rise to a large orbital momentum, which was further en-
hanced by correlation effects. A giant uniaxial magne-
tocrystalline anisotropy was predicted. They also de-
termined the electronic structures of related compounds
with Co, Ni, and Cu instead of Fe.21 Furthermore, they
discovered that these compounds correspond to a fer-
romagnetic insulator, a ferromagnetic half-metal and a
nonmagnetic insulator, respectively.

Recently, Jesche et al.34 successfully grew LiFeN single
crystals with Fe concentrations ranging over three orders
of magnitudes from x=0.00028 to 0.28. They showed
that the LiFeN compound is insulating and that the N-
Fe-N complex forms a linear molecule avoiding the Jahn-
Teller distortion. They discovered a large coercivity in
the LiFeN single crystal.

The aim of this work is the theoretical investigations
of the electronic structures and physical properties of
lithium nitridometalates LiMN, M = Cr, Mn, Fe, Co, and
Ni. Section II of this paper presents the crystal structure
of lithium nitridoferrates and computational details. Sec-
tion III shows the results and discussions of obtained the
electronic and magnetic structures, magnetic moments,
the MO Kerr spectra, the X-ray magnetic circular dichro-
ism and the magneto-crystalline anisotropy. These re-
sults are summarized in Section IV.

II. METHODOLOGY.

A. Cubic harmonics and SO interaction.

Cubic harmonics are very useful to describe the elec-
tronic structure of lithium nitridometalates. For l=2 cu-
bic harmonics can be expressed in terms of real spherical
harmonics Y2m as follows:

d3z2−1 ≡ Y20 = Y20

dyz ≡ Y(−)
21 = i(Y2−1 + Y21)/

√
2

dxz ≡ Y(+)
21 = (Y2−1 − Y21)/

√
2

dxy ≡ Y(−)
22 = i(Y2−2 − Y22)/

√
2

dx2−y2 ≡ Y(+)
22 = (Y2−2 + Y22)/

√
2

After a transformation of the coordinate system z →
−x:

d3z2−r2 → −1

2
d3z2−r2 +

√
3

2
dx2−y2

dxz → −dxz
dyz → dxy (1)

dx2−y2 →
√
3

2
d3z2−r2 +

1

2
dx2−y2

dxy → −dyz

The SO interaction operator is defined by:

Ĥso = c−2 2

r

dV

dr
(̂lŝ) = λ(̂lŝ) (2)

where

l̂ŝ =
1

2

(

l̂z l̂−
l̂+ −l̂z

)

(3)

l̂+ = l̂x + il̂y; l̂− = l̂x − il̂y (4)

Matrix elements of the l̂z operator are:

l̂zYl0 = 0

l̂zY(−)
lm = − im√

2
[Yl−m + (−1)mYlm] = −imY(+)

lm

l̂zY(+)
lm = − m√

2
[Yl−m − (−1)mYlm] = imY(−)

lm (5)

B. Magnetocrystalline anisotropy.

The internal energy of ferromagnetic materials de-
pends on the direction of spontaneous magnetization.
Here we consider one part of this energy, the magnetic
anisotropy energy (MAE), which possesses the crystal
symmetry of the material. For the material exhibit-
ing uniaxial anisotropy, such as a hexagonal crystal, the
MAE can be expressed as35

K = K1sin
2θ +K2sin

4θ +K
′

3sin
6θ

+K3sin
2θcos[6(φ + ψ)] + ... (6)

where Ki is the anisotropy constant of the ith order, θ
is a polar angle and φ is a phase angle of the Cartesian
coordinate system.
Here, we study the MAE and MO Kerr effect caused

only by the SO interaction. The MAE is defined below
as the difference between two self-consistently calculated
relativistic total energies for two different magnetic field
directions, E(θ) - E〈0001〉. We also investigate the or-
bital moment anisotropy (OMA) defined as the difference
between two self-consistently calculated orbital magnetic
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moments Ml for two different magnetic field directions,
Ml〈0001〉 - Ml(θ).
As we show below the doped lithium nitridometalates

represent a good example where the MAE and OMA
have close relations. This is usually shown by adding
the spin orbital coupling and using the second order per-
turbation theory (PT). Such correction was first widely
discussed and used in different construction of the spin
Hamiltonian.36 In the seminal paper by Yosida, Okiji and
Chikazumi37 using impurity Green function approach
several relations between different spin contributions to
MAE and OM have been obtained. Many years later
this approach with different approximations was widely
used in different areas.38–42 A generalization of single im-
purity approach was presented in Ref. 43. Most recent
reviews with different applications can be found in Ref.
44,45. Below we will mostly use the original single impu-
rity approach37 because it is ideally suited for our single-
site anisotropy system (see below). In considered PT
formalism the SO energy by definition (Eq. 3) is37,38

Eso = −λ
2

(

L↑↑
z + L↓↓

z + L↑↓
+ + L↓↑

−

)

, (7)

where Lσσ′

i is the matrix element of the i -component of

the orbital moment l̂i between corresponding spin states.
The total relativistic energy of the system is a sum of
the SO energy and a corresponding relativistic response
of kinetic and potential energies. In general quantum
mechanical PT it has been shown42 that the second or-
der correction to the total energy change is just a half of
the first order of the total energy of a perturbation term.
Thus in this order the system response above is always
negative and leads to the effective screening of initial SO
energy by half. Correspondingly a total relativistic en-
ergy of the system is a simple scaling of the SO energy

E = Eso/2 (8)

or for the total relativistic energy change

E = −λ
4

(

L↑↑
z + L↓↓

z + L↑↓
+ + L↓↑

−

)

. (9)

A total orbital moment is defined as

Ml =M↑↑
l +M↓↓

l = −L↑↑
z + L↓↓

z , (10)

The negative sign for spin up component appears ex-
plicitely only when PT is used, while in fully relativistic
Dirac approach all spin components formally have the
same sign. For spin longitudinal components of the total
energy one can write

Eσσ = σz
λ

4
Mσσ

l , (11)

where σz = 1(−1) for σ =↑ (↓).

This ratio simply emphasizes that a minimum of the
total energy for each spin component corresponds to a
larger orbital moment for the same component (which is
just a Hund’s rule statement for each spin component).
While it is valid for each spin component separately there
is clearly no such relation between the total energy and
the total orbital moment due to a presence of the negative
sign in Eq. 9 for spin up component.
The expressions of Eqs. 9 and 11 are obtained un-

der following assumptions. First, the SO parameter
is much smaller than crystal fields, spin splittings and
the effective width of bands contributing to the SO
coupling. Those are requirements of the traditional
Rayleigh-Schrodinger PT for non-degenerate levels. In
addition, PT requires the potential to be ’frozen’ and
Fermi level unchanged. It is not evident that the mod-
ern addition of the SO coupling to the scalar relativistic
Hamiltonians with their diagonalization, proper treat-
ment of energy dependence of the SO coupling and con-
secutive self-consistent procedure would allow this simple
relation to be filfilled. Not only such treatment corre-
sponds to PT for the degenerate levels, the additional
self-consistency effects and Fermi level modifications can
dramatically change the PT conclusions.
However, the recent calculations of this relation in

many metals with a very different strength of the SO
coupling show42 that this expression is still fulfilled in
realistic systems with a possible error of just 5-10% in
most of the considered systems. As a result, it seems
that this approach as a whole is justified for the anal-
ysis of relativistic energies on a scale of the typical SO
coupling energies (0.05 − 1 eV).
A situation becomes worse when the effects of the MAE

(0.01 − 20 meV) are analyzed using this approach. All
errors from the different levels of PT contribute to the
total uncertainty making the whole technique less reli-
able. However, qualitatively many relations are still hold
as we can see for considered below doped LiFeN systems.
Let us now consider these effects in details. The MAE in
this approximation can be presented as

K =
λ

4

(

∆L↑↑
z +∆L↓↓

z +∆L↑↓
+ +∆L↓↑

−

)

= K↑↑ +K↓↓ +K↑↓ +K↓↑, (12)

where ∆L↑↑
z corresponds to the difference of orbital mo-

ments with magnetic field along z and x directions thus
representing a spin up component of the OMA, which is
written as

∆Ml = −∆L↑↑
z +∆L↓↓

z , (13)

Thus, a simple relation between different spin longitudi-
nal components of the MAE and the OMA holds

Kσσ = −σz
λ

4
∆Lσσ

z , (14)
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emphasizing that an easy magnetization axes direction
for each spin component separately corresponds to a
larger orbital moment for the same spin component
(which is also just a Hund’s rule statement for each spin
component). While it is valid for each spin component
separately there is no such relation between the total
MAE and the total OMA due to a presence of the neg-
ative sign in Eq. 13 for spin up component.44,45 Let us
now consider a case of a half metallic system with only
spin down states at and near EF , so no spin-flip transi-
tions can be excited by the SO coupling. In this case the
Lz moments for out of plane and in-plane directions of
magnetization became:37–41

Lσσ
‖ =

λ

π

∫ εF

dεIm
(

4Gσ
xyG

σ
x2−y2 +Gσ

xzG
σ
yz

)

(15)

and

Lσσ
⊥ =

λ

π

∫ εF

dεIm
[(

3Gσ
3z2−r2 +Gσ

x2−y2 +Gσ
xy

)

Gσ
yz

]

(16)

where Gσ
xz is the element of a non-relativistic Green func-

tion for spin σ and xz symmetry.37,41–43 This structure of
non-zero elements of the relativistic coupling between dif-
ferent cubic harmonics can be seen directly from Tab.I
and II below. In addition, the on-site Green function
can have off-diagonal elements even for d-electrons(for
instance, for hexagonal symmetry). These elements have
not been taken into account in the above expressions (see
Ref. 43 for more details).
Now, if the only to cross EF are xy and x2 − y2 spin

down states and all other d-states are situated far from
the EF , then

Lσσ
‖ =

λ

π

∫ εF

dεIm
(

4Gσ
xyG

σ
x2−y2

)

(17)

while in plane all relativistic couplings disappear (our
model does not have anymore any states supporting such
couplings in plane) and Lσσ

⊥ = 0.
The total MAE in this case coincides with the total rel-

ativistic energy of spin down states and can be presented
as37–42

K = K↓↓ =
λ

4
L↓↓
z =

m2

4
λ2N↓

m(EF ) (18)

Clearly the PT relation for the orbital moment L↓↓ =
λm2N↓

m will be strongly violated in the case of a very
narrow peak when the value of L↓↓ will be unphysically
large. In addition, such simplified expression cannot de-
scribe anisotropy of Ml. Also in this case while λ for 3d
atoms is much smaller than the crystal field splittings, it
can be comparable with the bandwidths of xy and x2−y2
narrow peaks at the Ef and PT is no longer valid. The
real typical example will be an atom (N↓

m → ∞) where

L↓↓ has limited and integer values of 0,1,2,... To ob-
tain a proper description of the orbital moment in the
atomic limit one has to go beyond the second order of
traditional Rayleigh-Schrodinger PT. Alternatively one
can use the Brillouin-Wigner PT46 which allows to re-
solve this issue already in the second order. In this ap-
proach the relativistic modification of the DOS N↓

m will

be N/
√
1 +m2λ2N2, so the orbital moment for the spin

down component is written as

L↓↓ = m
mλN↓

m
√

1 +
(

mλN↓
m

)2
, (19)

and in the atomic limit

L↓↓ = lim
N↓

m→∞









m
mλN↓

m
√

1 +
(

mλN↓
m

)2









= m, (20)

and for considered above degenerate x2 − y2 and xy or-
bitals at the Ef it will be equal 2 for any value of the
SO parameter λ, while for specific non-relativistic case of
λ = 0 L↓↓ = 0. Thus the account of a proper relativistic
modification of the effective band width in the case of
nearly atomic d-systems or f-systems with large DOS at
the Ef

47 is crucial for the correct description of both the
orbital moment and its anisotropy. The second order of
the usual Rayleigh-Schrodinger PT does not describe the
orbital moment or its anisotropy correctly.
Typically the atomic SO constant in 3d atoms is

around λ=0.05 eV therefore for the orbital momentMl=2
one can expect that the theoretical maximum of MAE
can reach 25 meV. Let us summarize all conditions of
our model. All spin up states should be far from the Ef .
It corresponds to the effective spin splitting being much
larger then a characteristic SO energy. A spin splitting
of 1 eV would be already sufficient. Next, crystal field
splitting separating states at Ef and all other d-states
with the same spin should be at least as large as the ex-
change splitting. We will show below that LiFeN system
satisfies all those requirements with the resulting MAE
being very close to our simple estimation above.

C. Structural model.

Li3N crystallizes in a layered hexagonal structure, α-
Li3N, with four ions per unit cell at ambient conditions.
The unit-cell dimensions are a = 3.648 Å and c = 3.875
Å 4,48 with the symmetry point group of D6h (space
group P6/mmm) with two different lithium sites, Li(1)
and Li(2). Li(1) ions occupy the 1b Wyckoff positions (x
= 0, y = 0, z = 1

2 ), Li(2) ions occupy the 2c positions

(x = 1
3 , y = 2

3 , z = 0), N ions are in the 1a positions (x
= 0, y = 0, z = 0). The Li2N layer is formed by Li(2)
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in the ab plane with edge-shared N-Li6 hexagons and
Li(1) positions between layers to form continuous Li(1)-
N-Li(1) chains along the c-axis (Fig. 1, upper panel).
The N atoms have 8 Li atoms as nearest neighbors: two
at 1.9375 Å distance along the c axis and six Li at 2.1062
Å in ab plane. Earlier X-ray diffraction and powder neu-
tron diffraction studies reported 1-2% vacancies in Li(2)
position at room temperature.49 The vacancy concentra-
tion can go up to 4% at high temperatures.
As indicated by the notation of the chemical for-

mula, the substituted metal ions M occupy only the
Li(1) 1b Wyckoff position, which is sandwiched be-
tween the Li(2)2N layers. Therefore, the structure of
of lithium nitridoferrates Li2(Li1−xMx)N consists of al-
ternating (Li2N) and (Li1−xMx) planes that are perpen-
dicular to the hexagonal c axis (Fig. 1). Fe substitution
causes an increase of a, but a decrease of c by 1.1% and
1.5%, respectively, for x=0.28 with intermediate concen-
trations showing a linear dependence on x following Ve-
gards law.34 Along the chains parallel to the c-axis the
cations alternate as -N-Fe-N-Li-N-Fe-. Iron is strongly
bonded to the two nitrogen ions lying in the chain par-
allel to the c-axis. Its bonding in the (Li1−xFex) plane is
weak and it depends on the relative number of Li and Fe
neighbors in the plane.
Analysis of the Mössbauer spectra19 indicates that the

distribution of M ions in the (Li1−xMx) planes is ran-
dom. There are some indications for preferred configura-
tions within the lateral Li,M-plane (depending on prepa-
ration temperature, cooling rate, transition metal M and
composition parameter x), but no superstructure based
on crystallographic data could be presented so far.31 We
neglected the disorder effect in the (Li1−xMex) planes
and used the supercell method to calculate the electronic
structure and physical properties of the lithium transition
mental nitridometalates. Similar approximation was also
used in previous publications.19–21

D. Calculation details.

The calculations presented in this work were per-
formed using the spin-polarized fully relativistic LMTO
method50. To understand the influence of the SO in-
teraction on the MO properties and MAE we also used
the scalar relativistic magnetic Hamiltonian with the SO
coupling added variationally.51

The electronic structure and physical properties of
lithium transition metal nitridometalates LiMN (M =
Cr, Mn, Fe, Co, and Ni) calculated using the super-cell
approximation for x= 0.083, 0.167, 0.333 and 0.5. The
x=0.167 and 0.5 corresponds to the hex1 and hex2 struc-
tures, respectively, in notation of Ref. 20. The basis
consisted of s, p, d, and f LMTO’s at the transition
metal sites and s, p, and d LMTO’s at the Li and N
sites. The k-space integration were performed with the
improved tetrahedron method.52 To attain good conver-
gence in total energy a large number of k points has to be

Li
N

Fe
Li
N

x y
z

Fe1
Li
Fe2
N

FIG. 1: (Color online) Crystal lattice of α-Li3N (up-
per panel), Li2(Li1−xFex)N for x=0.17 (middle panel) and
Li2(Li1−xFex)N for x=0.5 (lower panel).

used in the calculations. To resolve the difference in total
energies and to investigate the convergence we used 1200
and 2413 k points in the irreducible part of the Brillouin
zone, which corresponds to 21952 and 46652 k points in
full zone.
We used the ”relativistic” generalization of the

LSDA+U method53 which takes into account the SO
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coupling so that the occupation matrix of localized elec-
trons becomes non-diagonal in spin indexes. A double-
counting correction term was used in the fully-localized
limit approximation.54,55 We used U = 0.89, 2, 3, and 4
eV with J = 0.89 eV for the transition metal sites. In
this case U = 0.89 eV Ueff = U − J = 0 and the effect
of the LSDA+U comes from non-spherical terms which
are determined by F2 and F4 Slater integrals.53 Such the
approximations denoted as orbital polarization (OP) cor-
rection in what follows is similar to the traditional OP
approach56 but has no adjusted parameters.

III. ELECTRONIC STRUCTURE OF LIFEN.

A. Energy band structure.

Figure 2 presents partial densities of states of LiFeN for
x=0.17 calculated within LSDA. The results are in good
agreement with previous studies.19–21 N 2s states situ-
ated at the −13.7 to −12.3 eV below EF . N 2p states
occupy the −5.5 to 11.5 eV energy range and strongly
hybridize with Mn 3d states in the −4 to 3 eV energy
range. Li 2p states occupy the similar interval as N 2p
ones. The spin splitting of Li and N 2p states is quite
small. The crystal field at the Fe site (D6h point sym-
metry) causes the splitting of d-orbitals into a singlet a1g
(d3z2−1) and two doublets e1g (dxz and dyz) and e2g (dxy
and dx2−y2). We found that the ground state for LiFeN is
a ferromagnetic state with estimated Curie temperature
about 120 K. This estimation has been done by using the
obtained total energy difference between ferro and anti-
ferromagnetic states with consecutive usage of the mean
field expression for the localized Heisenberg-spin model.
Matrix elements of lz and l+/− between the cubic har-

monics are collected in Table I and II, respectively.
For the expected Fe 3d6 configuration the majority spin

electrons occupy all five orbital states, while the distribu-
tion of the minority spin electrons depends on the energy

sequence of a1g, e1g and e2g states. Fe d↓xy and d↓x2−y2

(e2g) are the states which lie in the plane perpendicu-
lar to Fe-N bonds and, thus, do not hybridize with N p
states. As a result they have the lowest energy. Fe d↓zx
and d↓yz (e1g) form pdπ bonds with N px and py and are

shifted to higher energy while d↓3z2−1 forms an extremely
strong pdσ bond and lies even higher.

In spin-polarized calculations d↓xy and d↓x2−y2 bands

are filled by one electron. The width of these bands is
extremely small as they lie in a gap of Li and N states
and direct Fe-Fe hybridization is very weak. It turns
out that the width is comparable to the SO interaction
strength. Figure 3 presents the energy band structure
of LiFeN using a non-relativistic approximation (a), as
well as fully relativistic with M ‖ c (b) and M in the
ab plane (c). Fig. 5 presents total DOS calculated in
the fully relativistic approximation with M ‖ c (upper
panel) and M ⊥ c axes (lower panel). The relativistic
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FIG. 2: (Color online) The LSDA total [in states/(cell eV)]
and partial densities of states of LiFeN for x=0.17.

effects create a nearly insulated state for M ‖ c. Thus,
this system cannot be considered as Mott-Hubbard or
Slater types insulators and can be called a SO coupling
generated insulator.
Because of the large spin splitting of Fe 3d states spin-

flip terms of the SO interaction are suppressed. Table I
shows that the only non-zero matrix elements of lz are
〈dxz|lz|dyz〉 and 〈dxy|lz|dx2−y2〉. All other diagonal el-
ements are equal to zero. Therefore when M ‖ c, the

diagonal ŝ̂l term couples dxy and dx2−y2 so the e2g states
are split due to the SO interaction and form states with
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FIG. 3: (Color online) Energy band structure and DOS [in
states/(cell eV)] of LiFeN for x=0.17: a non-relativistic (a),
fully relativistic M ‖ c (b), and M ⊥ c (c).
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FIG. 4: (Color online) Energy band structure and DOS [in
states/(cell eV)] of LiFeN for x=0.17 in fully relativistic ap-
proximation with orbital polarization correction with M ‖ c

(full blue lines) and M ⊥ c (dashed red lines), correspond-
ingly.

m = −2 and m =+2. Because of the small band width
of the e2g states, the band formed by the m = −2 state
is almost completely filled and the m=2 band is almost
completely empty (Fig. 3(b) and Fig. 5 upper panel).
This gives the huge value of Ml of 1.477 µB which is al-
most completely unquenched in this case. This situation
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FIG. 5: (Color online) Fe 3d partial DOS of LiFeN for x=0.17
in close vicinity of EF calculated in the fully relativistic ap-
proximation with M ‖ c (upper panel) and M ⊥ c (lower
panel).

is very rare because it is usually accepted that a crystal
field quenches a part or all of the orbital momentum of
a free ion in 3d metals. When M ⊥ c, in the local frame
with z′ ‖ M the dxy and dx2−y2 orbitals are transformed
into other orbitals (e.g. dxy → dyz , dx2−y2 → linear
combination of dx2−y2 and d3z2−1, see Eqs. 2), so the
diagonal SO matrix elements between these orbitals are
equal to zero (Table I). Since the spin-flip SO interaction
terms are still suppressed by large spin-splitting Ml be-
comes almost quenched (M⊥

l = 0.063 µB) while the total
energy increases as compared to EM‖c. The only non-
zero contributions from the SO interaction come from
the off-diagonal in spin l+/− terms. As a result, the en-
ergy bands for a non-relativistic (Fig. 3 (a)) and fully
relativistic (M ⊥ c) (Fig. 3 (c)) are very similar. The
corresponding peak in the DOS is not split due to SO in-
teraction (Fig. 5 lower panel). This result is illustrated
also by Eqs. 15-8 where the situation with x2 − y2 and
xy orbitals for the spin down is described using orbital
moment calculations in perturbation theory.
Jesche et al.

34 recently demonstrated that the LiFeN
compounds are insulators for x varying from 0.00028 to
0.28, however, they did not estimate the value of the en-
ergy gap. The LSDA+SO calculations produce a quasi-
gap at EF for M ‖ c (Fig. 5 upper panel) and a metallic
state for M ⊥ c ((Fig. 5 lower panel). Thus, not only
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TABLE I: Matrix elements of 〈Y2m|lz|Y2m〉 between the d

cubic harmonics.

dyz dxy dxz d3z2−1 dx2−y2

dyz 0 0 i 0 0
dxy 0 0 0 0 2i
dxz −i 0 0 0 0

d3z2−1 0 0 0 0 0
dx2−y2 0 −2i 0 0 0

TABLE II: Matrix elements of ±〈Y2m|l∓|Y2m〉 between the d

cubic harmonics.

dyz dxy dxz d3z2−1 dx2−y2

dyz 0 ∓1 0 −i
√
3 −i

dxy ±1 0 −i 0 0

dxz 0 i ±
√
3 ∓1 0

d3z2−1 i
√
3 0 ∓

√
3 0 0

dx2−y2 i 0 ±1 0 0

the insulating state can be obtained by the SO coupling
addition, such metal-insulator transition can be tuned
by a rotation of the magnetization of the ferromagnetic
state. While relativistic insulators are known, we are not
familiar with other examples of metallic systems where
the metal-insulator transition appears as a result of mag-
netization rotation. This effect is rather unusual and has
to be verified experimentally.

We also calculated the energy band structure of LiFeN
using the LSDA+U method for U=0.89, 2, 3, and 4 eV
with J=0.89 eV. We found that already the OP correc-
tion (Ueff = U − J = 0) produces an insulating solution
both for the M ‖ c and M ⊥ c (Fig. 4) in agreement with
the experiment.34 All the explanations about the MAE in
this compound presented above for the LSDA approach
are valid also for the LSDA+OP approach. The energy
band formed by the m = −2 state is completely filled
and the m=+2 band is completely empty. TheMl which
is unquenched and equal to 1.623 µB for M ‖ c is larger
than the LSDA result. The orbital moment is almost
quenched for M ⊥ c (M⊥

l = 0.069 µB). The energy po-
sition of the empty m=+2 state for the M ‖ c is shifted
upward by the SO splitting in comparison with the sim-
ilar band for the M ⊥ c state.

For the LSDA+U calculations with U=2, 3, and 4 eV
the energy bands formed by the m = −2 and the m=+2
states are shifted downward and upward, respectively,
progressively with increasing Hubbard parameter U (not
shown). The Ml are also increased, for M ‖ c and they
became equal to 1.656, 1.662, and 1.651 µB for U= 2, 3,
and 4 eV, respectively.

Fig. 6 shows the MAE (lower panel) andMl as a func-
tion of the magnetization direction in LiFeN for x=0.08,
0.17, 0.33, and 0.5 calculated in the LSDA. There is a
huge MAE (EM‖c − EM⊥c) equal to −32.2 and −29.2
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FIG. 6: (Color online) The total energy (lower panel), Ms

(upper panel) and Ml (middle panel) as a function of the
magnetization direction in LiFeN for x=0.08, 0.17, 0.33, and
0.5 calculated in the LSDA.

meV in lithium nitridoferrates for x=0.08 and 0.17, re-
spectively. However, MAE is rapidly decreased with an
increase of Fe concentration and becomes relatively small
namely −8.3 meV for x=0.5. Our results slightly dif-
fer from the previously published data of Nowák and
Wagner.20 They obtained the MAE equal to −10.5 and
−24.0 meV for x=0.5 and 0.17, respectively. Some dif-
ferences can be explained by the usage of different band
structure methods (fully relativistic Dirac spin-polarized
LMTO here and LAPW with the SO coupling treated
as perturbation in Ref. 20). We also used a different
LSDA+U scheme.
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Figure 7 presents the LSDA partial densities of states
of LiFeN for x=0.5. The Fe1 ion still has very narrow
bands at EF of e2g symmetry, which produces a quite
large orbital magnetic moment at the Fe1 site of 1.098 µB

for M ‖ c. The Fe1 ions have six Li neighbors, while ions
Fe2 have three Fe and three Li neighbors in the Li1−xFex
plane. Therefore, due to Fe2−Fe2 hybridization the Fe2
e2 (dxy, dx2−y2) bands are much broader. As a conse-
quence, the SO coupling produces a much smaller orbital

moment (M
‖
l = 0.322µB). In our calculations we used

the super-cell approximation with fixed positions of Fe1
and Fe2 ions. In real systems the distribution of Fe ions
in the Li1−xFex planes is random,19 therefore one would
expect the Ml being averaged between Ml of these two
positions.
To investigate the influence of Fe1 and Fe2 atoms on

the MAE we calculate self-consistently the MAE inde-
pendently switching off the SO interaction on the Fe1
and Fe2 sites. If we set the SO coupling on the Fe1 (Fe2)
site to zero the MAE reduces to −2.1 (−6.1) meV. The
MAE in LiMnN (x=0.5) was found as large as −8.3 meV.
Therefore, LiFeN presents quite a rare example of the
single-ion anisotropy d-compound where due to strong
localization of the 3d orbital the pair Néel anisotropy is
very small. Such a situation is more typical for the rare-
earth compounds where the 4f states usually are strongly
localized.

We also investigated the MAE for other lithium ni-
tridometalates LiMN (M = Cr, Mn, Co, and Ni). Fig. 8
shows the MAE (lower panel) andMl as a function of the
magnetization direction in LiMN (M = Cr, Mn, Co, and
Ni) for x=0.17 calculated in the LSDA. The correspond-
ing transition metal 3d partial densities of states present
in Fig. 11. The MAE for these systems are at least one
order of magnitude smaller than the MAE for lithium ni-
tridoferrate. Besides, only LiNiN has the same easy axis
of magnetization as lithium nitridoferrate, namely, along
c direction. The easy axes of magnetization for M = Cr,
Mn, and Co are in the ab plane. TheMl for these lithium
nitridometalates are also significantly smaller than the
moments in lithium nitridoferrate (compare upper pan-
els of Figs. 6 and 8). The Cr Ml is opposite to the spin
moment reflecting a behavior which is typical for a less
than half filled d-band.

On Fig. 9 we show both MAE and OMA for all con-
sidered systems for x=0.17. While clearly K ∼ ∆Ml

for all systems, for Cr atoms there is opposite ratio and
K ∼ −∆Ml. This inverse proportionality is related also
to the Hund’s rule for a less than half filled d-band or
larger DOS for spin up states around the Ef (see dis-
cussion in42). However, coefficient proportionality is not
simple λ/4 and its absolute value fluctuates from atom to
atom. This disagreement most likely related to a peculiar
very narrow peaks structure of DOS near the Ef . While
a correct description of such narrow peaks requires high
accuracy for a metallic state, the application of the sec-
ond order Rayleigh-Schrodinger PT can be questioned.
Fortunately, the self-consistent calculations with the SO
coupling included as a second variation correspond to the
PT for the degenerate levels and such approach produces
reliable in this sense results. The self-consistency also
contributes to the deviation from the analytical PT ratio
λ/4 between the MAE and the OMA (Eq. 13).

We found that in our case (Fig.9) this coefficient of
proportionality is close to λ/2 indicating that the SO
coupling is no longer screened and the total MAE appears
to be close to the magnetic anisotropy of the SO coupling
aloneK = Kso. This rather unusual result also can serve
as an indicator of a strong violation of the second order
PT.

To obtain anisotropy constants of different order we
fit the obtained the angular dependencies of the total
energy with the function from Eq. 6. The results for
LiFeN are presented on Fig. 10 as a function of the Fe
concentration. While K1 constant is dominating for all
concentrations, the K2 and K3 constants do not show
any decrease with an order of the constant with K3 being
always somewhat larger and positive, while K2 is a sign
changing fluctuating with temperature quantity. One can
relate such non-smooth behavior of Kn to the violation
of PT applicability discussed above.

For the expected Mn 3d5 configuration the majority
spin electrons occupy all five orbital states, while the mi-
nority spin electrons states are empty. The exchange
splitting of the e2g and e1g states is increased by approx-
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FIG. 8: (Color online) The total energy (lower panel) and
Ml moments (upper panel) as a function of the magnetiza-
tion direction in LiMN M = Cr, Mn, Co, and Ni for x=0.17
calculated in the LSDA.

imately 0.8 eV in lithium nitridomanganese in compari-
son with LiFeN. The narrow spin down peak of e2g states
which was pinned to EF in LiFeN, is shifted upward by
0.8 eV in LiMnN. There is an energy gap between major-
ity and minority states of around 0.47 eV. The spin mag-
netic moment (Ms) in Mn (3.591 µB) is largest among
other lithium nitridometalates, however, the Ml of Mn
is extremely small because of Hund’s second rule due to
nearly half-filled bands. As a result, the MAE is also
very small in LiMnN (lower panel of Fig. 8).
For the expected Co 3d7 configuration the majority

spin electrons in LiCoN occupy five orbital states and
minority spin electrons occupy two orbital states. There-
fore the a1g (d↓zx, d

↓
yz) bands are empty and lie 0.8−1.0

eV above EF , while e2g (d↓xy and d↓x2−y2) orbitals are

completely occupied. Due to the spin splitting of the
e1g states the energy gap appears at the EF of 0.646
eV. Similar to the LiFeN case, the width of e2g bands in
the LiCoN is extremely small due to weak direct Fe-Fe
hybridization and comparable with the SO interaction
strength. Figure 12 presents the energy band structure
of LiCoN for x=0.17 for a non-relativistic (a), fully rel-
ativistic with M ‖ c axes (b), fully relativistic with M

⊥ c axes (c) and fully relativistic with orbital polariza-

FIG. 9: (Color online) The MAE and OMA in LiMN M =
Cr, Mn,Fe, Co, and Ni for x=0.17 calculated in the LSDA.
Unusual fluctuations of the direction of easy magnetization
axes coincide with sign changing OMA trend in accord with
the second order PT and a Hund’s rule.
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FIG. 10: (Color online) The anisotropy constants Ki for
LiFeN as a function of the Fe concentration x.

tion (OP) correction (d). When M ‖ c the e2g states are
split by the SO interaction and form states with m = −2
and m=+2 (Fig. 12, lower panel). However, both states
are occupied and the m = ±2 contributions to the Co
Ml cancel each other to give a quite small OP in LiCoN.
The Ml is 0.130 µB for M ‖ c. When M ⊥ c the Ml be-
comes very small (M⊥

l = 0.023 µB). The MAE reaches
significant 3.5 meV/cell in LiCoN for x=0.17 with the
easy axes in the ab plane.

LiNiN qualitatively has the same behavior of the MAE
and orbital moments as a function of the magnetiza-
tion direction as LiFeN. Both compounds have an easy
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Mn, Fe, Co, and Ni) for x=0.17.

magnetization direction along the c axis and an almost
quenched Ml in the ab plane. However, the Ml in LiNiN
is one order of magnitude smaller and the MAE is signif-
icantly smaller compared to LiFeN (but still quite large
from a point of view of permanent magnetism require-
ments). For the expected Ni 3d8 configuration the ma-
jority spin electrons in LiNiN occupy five orbital states
and minority spin electrons occupy three orbital states.

Therefore e2g (d↓xy and d↓x2−y2) orbitals are completely

occupied and e1g (d↓zx and d↓yz) orbitals are filled by one
electron in LiNiN (Fig. 11, lower panel). The width of
e1g bands is significantly larger than the width of the e2g
bands. Figure 13 presents the band structure of LiNiN
for x=0.17 using a non-relativistic approximation, as well
as fully relativistic with M ‖ c and M ⊥ c plane. When

M ‖ c, the diagonal ŝ̂l term couples dxz and dyz (see Ta-
ble I) so the e1g states are split due to the SO interaction
and form states with m = −1 and m=+1. Because of
the relatively large band width of the e1g states the band
formed by the m = −1 and the m=+1 states both are
partly empty and partly occupied (Fig. 13 (b)). This
results in a relatively small value of the Ml=0.130 µB.
When M ⊥ c, in the local frame with z′ ‖ M the dxz
and dyz orbitals are transformed into other orbitals (e.g.
dxz → −dxz, dyz → dxy, see Eqs. 2). The diagonal SO
matrix elements between the dxz and dxy are equal to
zero (Table I) and the bands positions are not affected
by relativistic effects (compare non-relativistic bands in
Fig. 13 (a) with fully relativistic with M ⊥ c in Fig. 13
(c)). The Ml becomes small (M⊥

l = 0.079 µB) while the
total energy increases as compared to EM‖c.

We conclude that only the LiFeN compound with a
small concentration of Fe ions possesses a strong OMA
and a huge MAE due to its unique energy band struc-
ture. Due to the SO interaction an extremely narrow

energy band of a2g symmetry (d↓xy and d↓x2−y2) is split

to the states with m=+2 and −2. Because of the small
band width of the e2g states, the band formed by the
m = −2 state is completely filled and the m=+2 band
is completely empty and the value of Ml is large. When
M ⊥ c the diagonal SO matrix elements between these
orbitals became equal to zero, the energy bands are not
split by the SO interaction and the Ml becomes zero.
The SO coupling in LiFeN leads to an appearance of a
nearly insulating state solely due to the SO coupling (see
Fig. 5).

We also investigate the electronic structure of LiMN
(M = Cu, Ru, and Os). However, the ferromagnetic so-
lution for these compounds is not stable.

B. Optical and magneto-optical properties.

Figure 14 presents calculated optical conductivity
σ(ω), real part ε1xx(ω)) and imaginary part ε2xx(ω)) of
the dielectric function and optical reflectivity R(ω) in
LiFeN using the LSDA+OP. As we discussed, the SO
splitting for two magnetization M directions is different:
forM ‖ c the energy bands have SO splitting at EF while
for M ⊥ c this splitting is absent. As a result, we have a
different behavior of the diagonal optical functions (Fig.
14). However, the absolute values of the optical functions
for different magnetization directions are similar.

The situation is remarkably different for the non-
diagonal matrix elements. Fig. 15 presents the Kerr ro-
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FIG. 12: (Color online) Energy band structure and DOS [in
states/(cell eV)] of LiCoN for x=0.17: a non-relativistic (a),
fully relativistic with M ‖ c (b), and M ⊥ c (c).

tation (θK) and the Kerr ellipticity (εK) calculated in the
LSDA+OP. The off-diagonal optical conductivity, σ1sxx
and σ2sxy is shown in Fig. 16. We found a very large
Kerr rotation in LiFeN presented as a number of sepa-
rated peaks with a similar amplitude of about −2◦ at 1.5
to 5.5 eV for M ‖ c. On the other hand, for M ⊥ c the
Kerr rotation and Kerr ellipticity simply vanish.

An important issue is to identify the origin of the large
Kerr effect in LiFeN. To this end, we examine the depen-
dence of the MO spectra on the exchange splitting and
the SO interaction. The exchange splitting and the SO
coupling are studied by scaling the corresponding terms
in the Hamiltonian. We found that with zero exchange
splitting on Li and N (∆Li,N=0, dotted black curve in
lower panel of Fig. 15), the Kerr rotation remains the
same. But when the exchange splitting on Fe is absent
(∆Fe=0, dashed magenta curve in lower panel of Fig.
15), the Kerr rotation almost disappears. With no SO
coupling on Li or N, the Kerr rotation is the same as
before (λLi,N=0, dashed red curve in lower panel of Fig.
15). On the other hand, when the SO coupling on Fe is
zero (λFe=0, full green curve in lower panel of Fig. 15),
the Kerr rotation totally vanishes. Thus, the SO coupling
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FIG. 13: (Color online) Energy band structure and DOS [in
states/(cell eV)] of LiCoN for x=0.17: a non-relativistic (a),
fully relativistic with M ‖ c (b), and with M ⊥ c axes (c).

and the exchange splitting of Fe are equally responsible
for the large Kerr rotation in LiFeN. From these investi-
gations, the following picture of the Kerr effect in LiFeN
emerges: Fe is the only magneto-optically active element
which is solely responsible for the large Kerr rotation ef-
fects in this system.
As we mentioned above, Fe 3d states are weakly hy-

bridized with the N and Li p states. It is clearly seen
in Fig. 17 where we present the energy band structure
of LiFeN in a so-called ”fat band” representation. Red
circles show the Fe 3d character of the wave function in
each k point. The larger circle corresponds to the larger
contribution of the corresponding character in the wave
function for a given k point. Fe 3d energy bands around
−2 eV below the EF at the M −K symmetry direction
show a small hybridization with N 2p states. However,
other energy bands with predominant Fe 3d character
show a very small hybridization with the N and Li p
states and possess an almost atomic character in LiFeN
(x ≤ 0.17).
If the diagonal optical conductivity σ1xx appears as

the interband optical transitions between occupied and
empty energy bands which are formed by all the elements
in the compound, then the off-diagonal conductivity (Fig.
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FIG. 15: (Color online) Calculated in the LSDA+OP approx-
imation polar Kerr ellipticity εK (upper panel) and Kerr ro-
tation θK (middle panel) spectra of LiFeN with M ‖ c (full
blue curves) and with M ⊥ c (dashed red curves). Lower
panel shows the influence of the exchange splitting (∆) and
SO coupling (λ) on the Kerr rotation of LiFeN for M ‖ c (see
the text).

16) as well as Kerr spectra (Fig. 15) are formed by the in-
terband transitions mostly between occupied and empty
Fe 3d energy bands. Also, Fe 3d bands possess an almost
atomic character due to small hybridization with other
states. As a result, the MO Kerr rotation spectrum is
consisted of a quasi atomic-like spectrum with number
separated peaks with similar amplitude.
We also calculated the MO Kerr spectra using the

LSDA+U for different Hubbard U= 2, 3, and 4 eV.
Preliminary results for U = 4 eV have been published
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FIG. 16: (Color online) Calculated in the LSDA+OP off-
diagonal component σ1xy and σ2xy (in 1029 s−2) of the con-
ductivity tensors of LiFeN with M ‖ c (full blue curves) and
with M ⊥ c (dashed red curves).
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FIG. 17: (Color online) The energy band structure of LiFeN
in ”fat band” representation. Red circles show the Fe 3d
character of the wave function in each k point.

elsewhere.57 The resulting spectra are similar to the
LSDA and LSDA+OP ones with different energy posi-
tion of quasi atomic-like peaks. Besides, with increasing
Hubbard U the intensity of the peaks is increased reach-
ing −4◦ at around 4.8 eV for U= 4 eV.57 The experimen-
tal investigation of the Kerr spectra in LiFeN is highly
desirable. Due to high sensitivity of the intensity and
energy position of quasi atomic peaks of Kerr spectra to
the value of U , the comparison between the theoretically
calculated and experimentally measured spectra might
be an excellent opportunity to estimate a value of the
Hubbard U in LiFeN.
Unusually high anisotropy of Kerr angle and conduc-

tivity in general is not surprising because the obtained
above the large OMA. For instance, the relation between

Ml and σ
(2)
xy (ω) has been discussed in Ref. 58,59. So

we can safely assume that OMA is proportional to the
following sum rule for the anisotropy of the off-diagonal
optical conductivity tensor

∆Ml ∼
∫

dω∆σ2xy(ω) (21)

This expression is non-trivial as its left part contains
only spin longitudinal components (see definition in Eq.
13) while the off-diagonal conductivity tensor contains
contributions from both spin longitudinal and transversal
matrix elements of the SO coupling. Thus we found that
the OMA is a key quantity which determines a behavior
of many important magneto anisotropic properties (both
static and dynamic) of the magnetic systems. We will
study this and related dependencies in our forthcoming
papers.

C. X-ray magnetic circular dichroism.

The X-ray absorption and XMCD spectra in metals
at the K edge in which the 1s core electrons are excited
to the p states through the dipole transition usually at-
tract only minor interest, because p states are not the
states of influencing magnetic or orbital order. Recently,
however, understanding p states has become important
since XMCD spectroscopy using K edges of transition
metals became popular. The K edge XMCD is sensitive
to electronic structures at neighboring sites due to the
delocalized nature of the p states. Fig. 18(upper panel)
shows the theoretically calculated X-ray absorption spec-
tra at the FeK edge in LiFeN withM ‖ c (blue full curve)
and M ⊥ c axes (red dashed curve) in comparison with
the experimental measurements by Yamada et al..10 The
XAS spectra for both the magnetization directions are
very similar in both shape and amplitude.
Figure 18(lower panel) shows the theoretically calcu-

lated XMCD in terms of the difference in absorption
∆µK = µ+

K−µ−
K for left and right circularly polarized ra-

diation at the FeK edge in LiFeN. The exchange splitting
of the initial 1s-core state is extremely small, therefore
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FIG. 18: (Color online) upper panel: the measured XAS10 of
LiFeN at the Fe K edge for x=0.32 and the calculated one for
x=0.33 with M ‖ c (blue full curve) and M ⊥ c (red dashed
curve), black dotted curve shows the background scattering
intensity; lower panel: the calculated XMCD spectrum at the
FeK edge with M ‖ c (blue full curve) andM ⊥ c (red dashed
curve).

only the exchange and SO splitting of the final 4p-states
is responsible for the observed dichroism at the K-edge.
The XMCD spectrum for the M ‖ c is relatively large
and extended up to 50 eV (full blue curve in lower panel
of Fig. 18). However, the XMCD spectrum for the M

⊥ c is completely vanished due to smallness of the SO
interaction for this magnetization direction.

Figure 19 shows the calculated Fe L2,3 XMCD spectra
in LiFeN. In contrast to theK-edge, where there is a large
difference in the XMCD spectra for the M ‖ c and M ⊥ c
polarizations, the XMCD at the L2,3 edges only slightly
differ from each other for the two magnetic polarization
directions. The dichroism at the L2- and L3-edges is
also influenced by the SO coupling and exchange splitting
of the initial 2p-core states. This gives rise to a very
pronounced dichroism in comparison with the dichroism
at the K edge. The SO splitting of the initial Fe 2p-core
state in LiFeN is equal to 12.4 eV, which is much larger
than the SO splitting of the final band states of around
0.1 eV. Therefore, the quenched SO interaction in valent
states for the M ⊥ c polarization only slightly reduces
the dichroism at the L2,3 edges in comparison with the
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FIG. 19: (Color online) upper panel: the calculated x-ray
absorption spectra of LiFeN at the Fe L2,3 edges for x=0.33
with M ‖ c (blue full curve) and M ⊥ c (red dashed curve);
lower panel: the calculated XMCD spectrum at the Fe L2,3

edges with M ‖ c (blue full curve) and M ⊥ c (red dashed
curve).

M ‖ c polarization (Fig. 19).
A further investigation of the XAS and XMCD spectra

in LiFeN at the K and L2,3 edges is highly recommended.

IV. CONCLUSIONS.

The electronic structure and physical properties of of
lithium nitridometalates Li2(Li1−xMx)N (M = Cr, Mn,
Fe, Co, and Ni) were theoretically investigated from the
first principles. We found that only the LiFeN compound
with a small concentration of Fe ions possesses a huge
OMA and MAE due to its unique energy band struc-
ture. This compound has an extremely narrow energy

band of a2g symmetry (d↓xy and d↓x2−y2) of spin down at

the Fermi level forming a half-metallic state. When M

‖ c, the diagonal SO lz operator couples dxy and dx2−y2

so that they form states with m = −2 and +2. Be-
cause of the small band width of the e2g states the band
formed by the m = −2 state is completely filled and the
m=+2 band is empty. This gives a large value of the Ml

which is almost completely unquenched. When M ⊥ c
the diagonal SO matrix elements between these orbitals
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became equal to zero, the energy bands are not affected
by the SO coupling the Ml almost disappears. Thus, the
large OMA and MAE is observed. It can be concluded
that the SO coupling energy contributes to the total en-
ergy only when M ‖ c, while in-plane it is practically
absent. Therefore, the SO coupling energy practically
coincides with the anisotropy energy, creating a system
with a maximum of MAE.
We found that LiFeN presents quite a rare example

of the single-ion anisotropy 3d electron compound where
due to strong localization of the 3d orbitals the pair Neel
type anisotropy is very small.
LiMnN and LiCoN were found to be insulators with

quite a large energy gap of 0.50 and 0.58 eV, respectively.
The spin magnetic moment at the Mn site in LiMnN
(3.591 µB) is largest among other lithium nitridometa-
lates. However, the orbital magnetic moment of Mn is
small due to a nearly half-filled band. As a result, the
MAE strongly reduces its absolute value and changes its
sign in both LiMnN and LiCoN.
A very non-trivial strongly fluctuating and sign chang-

ing character of the magnetic anisotropy with electronic
doping is predicted theoretically. Specifically for Cr and
Mn systems the easy magnetization axes is in plane,
while for Fe system it is along z-direction (with enormous
amplitude of MAE). Co system has already relatively
large in-plane anisotropy, while Ni system demonstrates
a small uniaxial anisotropy. This unusual dependence is
supported by corresponding orbital moment anisotropy.
The Kerr ellipticity and rotation spectra are formed

by interband transitions mostly between magneto-optical
active atomic-like Fe 3d bands. As a result, the Kerr
spectra consist of a number of separated peaks with sim-
ilar amplitude in the energy interval between 1.5 and
5.5 eV. Thus, we predict that MO experiments should
demonstrate the nearly atomic structure of energy levels
in this system. The anisotropy of the Kerr angle and cor-
responding off-diagonal conductivity have been obtained
for LiFeN. It looks like this anisotropy is also related to
the orbital moment anisotropy.

We have studied the XAS and XMCD spectra of LiMN
at the Fe K, and L2,3 edges. A very strong anisotropy
of the X-ray magnetic dichroism for the K spectrum was
found.

Only the exchange and the SO splitting of the final
4p-states are responsible for the observed dichroism at
the K-edge. Due to the quenching of the SO interac-
tion for the M ⊥ c the Fe K XMCD spectrum is com-
pletely vanished for this magnetization direction. How-
ever, the dichroism at the L2,3 edges is also influenced
by the SO coupling and exchange splitting of the initial
2p-core states. The SO splitting of the initial Fe 2p-core
state in LiFeN is much larger than the SO splitting of
the final band states. Therefore, the quenched SO inter-
action in valent states for the M ⊥ c polarization only
slightly reduces the dichroism at the L2,3 edges in com-
parison with the M ‖ c polarization.
From a point of view of possible applications, it is

highly desirable to increase the Curie temperature of
these systems without losing high magnetic anisotropy.
A possible nanocomposite of LiFeN and a soft phase with
a large Curie temperature (like FeCo) seems promising.
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52 P. E. Blöchl, O. Jepsen, and O. K. Andersen, Phys. Rev.

B 49, 16223 (1994).
53 A. N. Yaresko, V. N. Antonov, and P. Fulde, Phys. Rev. B

67, 155103 (2003).
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